Concerns about the sustainability of conventional agriculture have prompted widespread introduction of integrated pest management (IPM), an ecologically-based approach to control of harmful insects and weeds. IPM is intended to reduce ecological and health damage from chemical pesticides by using natural parasites and predators to control pest populations. Since chemical pesticides are expensive for poor farmers, IPM offers the prospect of lower production costs and higher profitability. However, adoption of IPM may reduce profitability if it also lowers overall productivity, or induces more intensive use of other production factors. On the other hand, IPM may actually promote more productive farming by encouraging more skillful use of available resources. Data scarcity has hindered a full accounting of IPM's impact on profitability, health and local ecosystems.
Using new survey data, this paper attempts such an accounting for rice farmers in Bangladesh. We compare outcomes for farming with IPM and conventional techniques, using input-use accounting, conventional production functions and frontier production estimation. All of our results suggest that the productivity of IPM rice farming is not significantly different from the productivity of conventional farming. Since IPM reduces pesticide costs with no countervailing loss in production, it appears to be more profitable than conventional rice farming. Our interview results also suggest substantial health and ecological benefits. However, externality problems make it difficult for farmers to adopt IPM individually. Without collective adoption, neighbors' continued reliance on chemicals to kill pests will also kill helpful parasites and predators, as well as exposing IPM farmers and local ecosystems to chemical spillovers from adjoining fields. Successful IPM adoption may therefore depend on institutional support for collective action.
Introduction
Approximately 84% of Bangladesh's people are directly or indirectly dependent on agriculture for their livelihood, and agriculture contributes about 24% of gross domestic product (Bangladesh Bureau of Statistics, 2001 ). Rice is the major staple crop, accounting for 76% of the cultivated area, 78% of the irrigated area, 52% of agricultural GDP, and 71% of caloric intake (Bangladesh Bureau of Statistics, 2001) . Plant, animal and insect pests pose a constant threat to rice production, inflicting losses conservatively estimated at 10-15% annually (FAO, 2001) . Farmers have used toxic chemicals extensively for pest control, because of their reputation for speed and effectiveness.
However, rising use of chemical pesticides has also posed serious health risks, as well as threatening widespread ecological damage. These problems will undoubtedly increase if
Bangladeshi farmers respond to rapidly-rising food demand by intensifying their use of chemicals for pest control.
In response to rising concern about the sustainability of conventional agriculture, the government has collaborated with international assistance agencies to promote Integrated Pest Management (IPM). IPM has no standard definition, but comprises approaches that range from carefully-targeted used of chemical pesticides to biological techniques that use natural parasites and predators to control pests (Sorby et al., 2003) .
Since chemical pesticides are expensive for poor farmers, IPM also offers the prospect of lower production costs and higher profitability. Of course, adoption of IPM may reduce overall profitability if it also lowers productivity, or induces more intensive use of other production factors. However, application of IPM techniques may also raise overall productivity, by encouraging more effective use of other inputs. Data scarcity has hindered a full accounting of IPM's impact on profitability, health and local ecosystems.
Using new survey data, this paper attempts such an accounting for farmers in Bangladesh. We compare outcomes for farming with IPM and conventional techniques, using simple input-use accounting and estimation of conventional and frontier production functions, along with farmers' assessments of their own health status and local ecological conditions. The remainder of the paper is organized as follows. Section 2 describes recent trends in pesticide use, the associated problems, and the current status of IPM programs in Bangladesh. In Section 3, we introduce our survey and provide a summary description of the farmers who are currently using IPM techniques. Section 4 examines the determinants of IPM adoption, while Section 5 presents our productivity comparisons for IPM and conventional rice farming. In Sections 6 and 7, we summarize our survey results on farmers' health status and local ecological conditions. Section 8 concludes the paper and discusses some implications of our results.
Agriculture and Environment in Bangladesh

Pesticide Use
Like many developing countries, Bangladesh has promoted the use of pesticides to expand agricultural land and increase output per acre. Promotional activities have included extension services and significant subsidies (Rasul and Thapa, 2003; Hossain 1988) . Figure 1 shows that pesticide use has more than doubled since 1992, rising from 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 Year severe allergic responses in exposed populations (Zahm, Ward and Blair, 1997) .
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Many pesticides used in Bangladesh are banned or restricted under international agreements (NOVIB, 1993; SUNS, 1998; SOS-arsenic.net, 2004 ). In addition, several studies have shown that inadequate product labeling and farmers' lack of information have led to widespread overuse or misuse of dangerous pesticides. Substantial anecdotal evidence suggests that pesticide poisonings and ecological damage have become common in Bangladesh (Ramaswamy, 1992) 
IPM in Bangladesh
Bangladesh's IPM activities began with rice in 1981, and the FAO played a strong catalytic role with government officials and the donor community. The program provided capacity-building for the Department of Agricultural Extension (DAE), introduced Farmer Field Schools, and trained representatives of local NGO's.
Subsequently, the government and NGO's initiated several IPM projects for rice and vegetables with donor funds.
2 At present, the Plant Protection Wing of the DAE is responsible for the implementation of IPM activities (FAO, 2001 ).
Survey Data
The research reported in this paper is based on a large survey of Bangladeshi Figure 2 ). We also surveyed 689 farmers who use chemical pest controls. Table 1 displays the regional distribution of farmers in our sample. Our estimation results (Table 2 ) confirm some of our prior expectations but contradict others. Education, ownership, prior training, experience and poor health all have the expected signs, and the first three variables are highly significant by the conventional criteria. 5 However, age has an unexpected, positive effect on adoption probability. Production scale is insignificant, suggesting (ceteris paribus) that farmers do not perceive greater scale economies in IPM than in conventional rice production. We conclude that personal and farm characteristics are significant determinants of IPM adoption, and we control for these characteristics in our production function estimation because they may affect farming efficiency as well. Absolute value of t statistics in parentheses * significant at 5%; ** significant at 1%
Comparative Input Use, Productivity and Profits
We use two quantitative techniques for assessing IPM and conventional techniques in rice production: Comparative estimates of input-output relationships, and production function estimation. In both cases, we control for farmers' characteristics (age, education, farming experience, ownership status, prior training, production scale, health status) that may affect both productivity and the propensity to adopt IPM.
Input-Output Results
For each farm in the sample, we calculate input-output (IO) coefficients for land, family labor, hired labor, capital, irrigation, seed, fertilizer and pesticide. We test for significant differences between mean coefficients for conventional and IPM farming by regressing the IO coefficients on a dummy variable for IPM use. Since all distributions of IO coefficients are highly skewed, we guard against outlier effects by estimating log regressions as well as linear regressions. 6 The results, reported in Table 3 , are similar for both specifications. Family and hired labor inputs per unit of output are generally lower for IPM production, suggesting that time savings from reduced pesticide applications more than compensate for reallocation of some labor to IPM-related activities. Seed inputs are also significantly lower per unit of output. As expected, pesticide inputs per unit of output are significantly lower for IPM production in both the linear and log models. However, IO coefficients for land, capital, irrigation and fertilizer are not significantly different in the two modes of production. Our results suggest that IPM may be more profitable than conventional farming, since no IO coefficient is significantly higher for IPM and several are significantly lower.
For pesticides, the savings are clear: Conventional farmers use an average of 2.33 kg of 6 We have also estimated these regressions for a sample limited to the five regions where we collected data on IPM farmers, and for specifications that include the IPM determinants in Table 2 . The results are indistinguishable from the full-sample estimates in Table 3. pesticides per acre, while IPM farmers use .77 kg/acre. Pesticide purchase shares of variable costs for non-IPM and IPM farmers are 8.1% and 2.9%, respectively.
Cobb-Douglas Results
We estimate a standard Cobb-Douglas production function with factor and material inputs: land, family labor, hired labor, capital, irrigation, seed and fertilizer. We include pesticide inputs and a dummy variable for IPM use in alternative specifications, since IPM explicitly minimizes pesticide use. In addition, we allow for Hicks-neutral efficiency differences across farms that are attributable to age, education, ownership, pesticide application training, farming experience, poor health, and production scale.
The production function is as follows:
where Taka) irrigation cost (Taka) fertilizer (kg) IPM (dummy variable: 1 if IPM; 0 otherwise) or pesticide (kg) z i = age (years) education (categorical: 0-4 (none, primary, middle, secondary, tertiary)) ownership (1 if owner of farm; 0 otherwise) training (1 if prior training in pesticide applications; 0 otherwise) farming experience (years) poor health (1 if significant self-reported health problems; 0 otherwise) farm scale (log of total farm size in acres) Table 4 presents estimates for equations that include IPM and pesticide use, with and without regional dummies and efficiency variables. All inputs except labor and pesticides are significant in all or most of the models. Our results suggest that the survey farmers are operating under surplus labor (zero marginal productivity) conditions for both This result is not affected by the inclusion of regional dummies and efficiency-related variables. Many of the former are highly significant, suggesting important roles for local soil and weather conditions, while we find no significance for any of the variables that were hypothesized to affect efficiency as well as IPM adoption.
Stochastic Production Frontier Estimation
For a more sophisticated assessment of conventional and IPM methods, we use the stochastic production frontier methodology developed by Coelli (1993, 1995) . The general stochastic production function, with inefficiency effects, is defined as:
where y i denotes the output quantity of the ith farm, x i is a (1 x J) vector of input quantities and β is a (J x 1) vector of unknown parameters to be estimated. The v i are two-sided random variables associated with measurement errors in output and are assumed to be independently and identically distributed N(0,σ v 2 ) and independent of the u i . In the absence of the stochastic term u i , the model in (1) reduces to a purely deterministic (mean) production function. The u i are defined as non-negative random variables which account for technical inefficiency effects in production and are independently distributed as truncations at zero of the N(µ i ,σ u 2 ) distribution, where:
and z i is a (1 × K) vector of farm characteristics that affect efficiency and δ is an (K × 1)
vector of parameters to be estimated. 2 ), with 0 ≤ γ ≤ 1 (Battese and Coelli, 1995) . Technical inefficiency for the i-th farm is estimated as the expectation of u i , conditional on the observed value of (v i -u i ):
Alternative Production Functions
For the production function in equation (1), we begin with the translog specification:
where y i = represents the quantity of rice output (in kg) x i = land (acres) family labor (man-days) hired labor (man-days) capital (in Taka) irrigation cost (Taka) seed cost (Taka) fertilizer (kg) pesticide (kg) IPM (dummy variable: 1 if IPM; 0 otherwise)
We specify the technical inefficiency model as:
where z i = age (years) education (categorical: 0-4 (none, primary, middle, secondary, tertiary)) farm size (total acres) farming experience (years) ownership (1 if owner of farm; 0 otherwise) training (1 if trained in applying and safe handling of pesticides; 0 otherwise) health status (1 if significant health problems; 0 otherwise) Appendix II provides more precise variable definitions and descriptive statistics.
Estimation results
We obtained maximum likelihood estimates for the parameters using the Frontier 4.1 program (Coelli, 1996) , and ran several likelihood ratio (LR) tests on the functional form, the stochastic specification and inefficiency effects (Table 5) . 7 We report full results in Table 6 . In row 1 of Table 5 , we test the null hypothesis on the joint translog restrictions implied by the Cobb-Douglas specification. We find that the restrictions cannot be rejected at a very high confidence level, so we adopt the Cobb-Douglas form because its constant-elasticity results are more easily interpreted. 
Mean function (OLS)
Cobb-Douglas ), where σ 2 corresponds to the variance of the overall model, and γ is the share of inefficiency variance to overall model variance. Since γ is the ratio of two variances, and is therefore always positive, the test statistic follows a mixed chi-square distribution, with the critical values to be found in Kodde and Palme (1996) .
Row 3 tests whether the variables in our inefficiency effects model (equation 5)
have joint significance in explaining farmer inefficiency. Rejection of the null at the 1% level indicates that farmer inefficiency is significantly associated with differences in farmers age, education, farm size, experience, ownership, training, health and regional conditions. Table 6 reports estimates for the translog and Cobb-Douglas models, with and without controls for IPM use. Since we cannot reject the translog constraints implied by the Cobb-Douglas specification, we focus on results for the latter because they are easily interpreted as elasticities. Our results suggest that land is easily the most significant factor in Bangladeshi rice production. In the Cobb-Douglas estimate with a single dummy control for IPM, a 1% increase in land under production translates into a 0.57% increase in rice output. The two labor variables, family and hired, are insignificant, with a small negative elasticity in the case of family labor. The very small, insignificant elasticities for labor may imply that rice production is currently in a condition of surplus (zero-marginal-productivity) labor. Capital is also significant, although the estimate implies that a 1% increase in capital is only associated with a 0.08% increase in rice output. Irrigation appears to play a significant role, as do seed inputs, although to a lesser degree. Fertilizers also make a significant contribution to rice production, with an elasticity of 0.11. However, pesticides do not have any significant effect, suggesting that potential incremental gains are neutralized by toxic soil saturation or elimination of beneficial soil organisms and insect predators. The sum of input elasticities (Σ β n = 0.92) suggests modestly-decreasing returns to scale, a finding similar to other results in the frontier production estimation literature (Coelli, Rahman and Thirtle, 2002; Wadud and White, 2000) .
To measure the contribution of inefficiency variance to overall frontier variance, we use γ * = γ [γ + (1 -γ)π/(π -2)] (Coelli, Rao and Battese, 1998) . For the Cobb-Douglas model, this is equal to 7%. Note: *, **, *** -significant at the 10%, 5%, and 1% level, respectively.
In no case do we find significance for IPM, whether it enters as a single control (dummy variable) or interacted with each input (with the single exception of hired labor).
We also find no significance for other hypothesized inefficiency factors. The overall significance of the regional dummies suggests that local environmental and geographic factors may have important effects on farmer inefficiency. (Coelli, Rahman and Thirtle, 2002; Rahman, 2003; Wadud and White, 2000) . These results imply that, on average, farmers can increase rice 9 For example, soil quality attributes would be one area for further investigation.
output, and thus increase profits, by approximately 17% (100-83%) by improving technical, allocative and scale efficiency in production. 
Health Effects of IPM Adoption
Our survey results suggest that farmers' exposure to toxic pesticides is quite serious in Bangladesh, 10 while our productivity analysis suggests that any direct benefits from pesticide use have been offset by adverse impacts on soil organisms, natural pest predators, and farmers' health and productivity (Rola and Pingali, 1993) . Exposure can produce numerous acute effects, depending on a pesticide's toxicity and the dose absorbed by the body. For pesticides with high acute toxicity, exposure can produce intoxication symptoms within minutes or hours, including headaches, flu-like symptoms, skin rashes, blurred vision, and other neurological disorders (World Resources, 1998-99) .
Prolonged exposure can lead to more serious cardiopulmonary, neurological and hematological symptoms, as well as skin disease (Davies, Freed, and Whittemore, 1982; Spear, 1991) .
10 A distinctive feature of pesticide-related health hazards is that the magnitude of the health effect associated with pesticide use can often be reduced by averting behavior -wearing protective clothing, such as gloves or a jacket. Such measures can often reduce exposure by up to 80 or 90 percent (Cropper, 1994) . However, during the study, applicators of pesticides communities were rarely found to be wearing proper protective clothing.
A detailed health examination of farmers in our survey 11 was beyond the scope of this study. Instead, our analysis relies on self-reported health effects. Among conventional farmers, 37% report frequent health problems such as eye irritation, headaches, dizziness, vomiting, shortness of breath, skin effects, and convulsions.
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Among IPM farmers, 29% report similar health problems. Of these, 54% report that the health of the laborers working in their fields improved after they switched to IPM.
Although IPM farmers have a lower reported incidence of health effects, we find that the difference between the two groups is not significant at the 95% confidence level.
The difference may be greater for farmers who have used IPM for an extended period, but our survey has not recorded IPM adoption dates. For more recent adopters, our result may be biased by a simultaneous relationship between IPM use and health: Adoption of IPM may well improve health, even in the short run, but farmers who attribute their poor health to pesticide use may be more likely to adopt IPM. At present, we do not have sufficient evidence to attribute strong health improvements to IPM adoption in our sample.
Environmental Effects
Recent evidence suggests that pesticide use in Bangladesh has damaged organisms not targeted by applications 13 , while pesticide runoff has polluted many waterways.
14 Much of the damage can be attributed to the timing, frequency and dose-intensity of applications, as well as use of inappropriate products and lack of information about 11 This would include a comprehensive physical examination, blood cholinesterase determination and skin patch tests.
12 Are self-reported health effects a credible measure? Suggestive evidence is provided by medical tests of the farming population in other Asian countries. Several clinical studies conducted on rice and vegetable farmers in Indonesia, Philippines, and Vietnam revealed that 58% -99% of the farmers exposed to pesticides had at least one health effect (Xuyen et al., 1998; Kishi et al, 1995; Antle and Pingali, 1994; Rola and Pingali, 1993) . This evidence suggests that the degree of upward bias, if any, in the self-assessment of health effects may not be large. 13 For example, a number of newspapers in Bangladesh (Manab Zamin, September 6, 1999; Bhorer Kagaz, September 1, 1999; Inqilab, September 2, 1999) reported the poisoning and death of thousands of birds in Ustad by Cypermethrin-treated eggplant fields in the Dakatia village of Jessore, a district in the Western border region of Bangladesh (UBINIG, 1999).
14 A government study conducted in 1995 found that 11% of tested water samples contained pesticide residues higher than WHO guidelines (Government of Bangladesh, 1995).
toxicity. When asked about environmental effects, nearly 70% of the IPM farmers in our survey report improvements in soil, water and air quality after adoption of IPM ( Figure   3 ), as well as increased numbers birds, fish and soil organisms such as earthworms. 
Summary and Conclusions
In this paper, we have used new survey data on rice production to assess the net economic, health and environmental benefits of switching to Integrated Pest Management in Bangladesh. We have assessed the net economic benefits of IPM adoption in three productivity comparisons, using input ratios, standard production functions and stochastically-estimated production frontiers. In all three cases, we have found no significant difference in productivity for IPM and non-IPM rice farming. Our results hold when we control for hypothesized farm-efficiency factors that also affect the probability of IPM adoption. Our evidence suggests that IPM adoption increases profits for rice farmers, since pesticide costs are reduced with no countervailing reduction in output. The reported incidence of sickness is lower for IPM farmers, although the difference is not statistically significant in our sample. Most IPM farmers also report that environmental conditions improved after adoption of the new technique.
To summarize, our evidence suggests that further promotion of Integrated Pest
Management for Bangladeshi rice farmers will yield economic, health and environmental benefits for rural communities. As we have noted, local adoption of IPM is a collective decision because farmers' pesticide applications affect their neighbors' fields as well. 
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